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Abstract 
This paper presents thermal response study of lightweight extensive green roofs with lightweight mineral wool growing media in 
winter period. Green roof heat and mass transfer model was developed based on short- and long-wave radiation heat exchange, 
surface convection and vegetation evapotranspiration. The model also considers latent heat accumulation in lightweight mineral 
wool growing media using effective heat capacity method. Experimental results as well as results of numerical simulations proved 
that in the winter heat loses of green roofs are smaller compared to the reference roof construction of the same composition and 
the same U-value. Heat stored in the green roof growing media in the form of latent heat, by water freezing or melting, additionally 
reduces the daily peak heat flux as well as daily heat losses. For continental climate conditions the effect of latent heat accumulation 
is larger in colder days and during night time conditions resulting in significant decrease of building peak heat demand. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the CENTRO CONGRESSI INTERNAZIONALE SRL. 
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1. Introduction
Green roofs are considered to have a strong positive effect on the energy performance of built environment.
Furthermore green roofs are solution for many environmental problems because of urban heat island mitigation, storm 
water retention, CO2 sink and improved microclimate [1, 2]. Because of that green roofs are becoming a predominant 
solution nowadays by urban planning and building envelope retrofitting especially in form of extensive green roofs 
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because of low maintenance and cost comparing to intensive solutions [2, 3]. Most common the advantages of green 
roofs are studied during summer time conditions [2, 4]. Nevertheless green roofs have significant impact on thermal 
response on building’s envelope in winter time conditions as well. Jim [5] in his research emphasized that water in 
growing media enhance green roof thermal capacity. Green roof growing media can effectively store heat from solar 
radiation what could cause heat gains to the building. Jaffal et al. [6] showed the comparison of heat losses of 
conventional and green roof. In sunny winter day green roof heat losses were higher than at conventional roof while 
smaller heat losses were observed during cold days. The reason for that can be the latent heat accumulation within 
green roof growing media. The objective of this research is to evaluate the thermal response of lightweight extensive 
green roofs with mineral wool growing media at specific conditions of latent heat accumulation and to prove that latent 
heat accumulation significantly reduces the amplitude of daily heat flux variation as well as overall green roof heat 
losses compared to reference lightweight roof. 
2. Green roof model
Heat transfer through conventional or green roof is unsteady and depends on short- and long-wave radiation, air
temperature difference and heat accumulation in roof construction as well as moistened green roof growing media. It 
can be determined considering one-dimensional transient conduction within roof construction, green roof drainage and 
growing media coupled with energy balance equation for outer roof surface. For the green roof heat and mass transfer 
model a coupled heat balance equations are formed for the foliage (vegetation) layer (Eq. 1) and for the green roof 
growing media surface (Eq. 2). Green roof energy balance equations take into account the main heat fluxes that 
influence thermal response of the roof construction as it is shown in Fig.1: global solar radiation absorbed by the 
foliage QG,f and the growing media QG,g, long-wave radiation exchange between the sky and the foliage QIR,sky,f or 
growing media QIR,sky,gm as well as between the foliage and the growing media QIR,f,g, foliage sensible heat flux Qs, 
latent heat flux by evapotranspiration Ql and conduction within growing media Qc.  
Fig. 1. Energy balance of a green roof 
, , , , , 0G f IR sky f IR f gm s lQ Q Q Q Q+ + − − =  (1)
, , , , ,G g IR sky gm IR f gm cQ Q Q Q Q+ − − = Δ (2)
In the presented green roof model a heat accumulation in the foliage layer is neglected. Sensible heat flux is 
determined with equations presented in [7] which takes into account leaf area index LAI, aerodynamic resistance to 
heat transfer and leaf-air temperature difference. Latent heat flux is determined from the evapotranspiration rate ET, 
which is calculated using FAO Penman-Monteth equation for hourly or shorter time steps [8]. 
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The water content within green roof growing media has a significant impact on heat conduction and heat 
accumulation as it influences material properties such as thermal conductivity and specific heat capacity. It can also 
influence ET under water stress conditions. The growing media water content is determined from the water balance. 
Material properties of the green roof mineral wool growing media are calculated using equations presented in [9]. As 
in winter time water in growing media can freeze due to low ambient temperatures and radiant cooling the green roof 
model also considers latent heat of phase change transition in lightweight growing media using effective heat capacity 
method. A specific heat of 338 kJ/kgK was considered for the water in growing media within the temperature range 
from + 0.5°C to – 0.5°C. For numerical model development the 4th order temperature and saturated water pressure 
terms are linearized firstly. The implicit finite-difference equations are formed and they are solved using the matrix 
inversion method within MS Excel environment. Developed numerical model was validated with field experiments. 
3. Experimental validation
Thermal response of green roofs was extensively investigated on the experimental green roofs installed on the flat
roof of thermostated laboratory test building shown in Fig. 2. Four modules, each with dimensions of 1 × 3 m, was 
formed with the same composition of the reference flat roof with a U-value of 0.157 W/m²K. In three modules 
extensive green roofs were installed with layers from the bottom to the top: root membrane, drainage layer with filter 
membrane, lightweight mineral wool growing media and vegetation layer (Sedum-mix plants with 1cm of soil layer). 
Green roofs differ on thickness of lightweight mineral wool growing media (Fig. 3).   
Fig. 2. Lightweight extensive green roof modules on the flat roof of thermostated building 
A weather station Vantage Pro 2 was installed to monitor meteorological parameters. Heat flux sensors were 
installed on the inner qi and outer qe surface of the thermal insulation layer as it is indicated in Fig.3. Within the 
reference flat roof construction temperatures between layers are measured using T-type thermocouples, including 
temperature on the outer side of the thermal insulation layer Tse. On green roofs the temperature of the outer surface 
of the lightweight mineral wool growing media Tgm was also measured. 
Fig. 3. Reference flat roof and two green roofs with 2 cm and 4 cm thick lightweight mineral wool growing media with indicated measured 
temperatures and heat fluxes 
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Thermal response of lightweight extensive green roofs with lightweight mineral wool growing media under freezing 
conditions was studied in winter conditions without snow. Due to freezing ambient temperatures and long-wave 
radiative heat exchange the water in the lightweight mineral wool growing media can undergo phase change transition. 
As phase change occurs at constant temperature this influences the temperatures and heat flux on the outer side of 
green roof which remains almost constant during phase change process. This is clearly evident from Fig. 4 and Fig. 5 
which show heat fluxes on the outer side of reference roof qe1 and green roofs (qe2 and qe3) as well as temperatures of 
outer surface of thermal insulation Tse1 and mineral wool growing media (Tgm2 and Tgm3) of reference and green roofs 
respectively. Five consecutive days with ambient temperatures in the range from -6°C to +7°C are shown. 
Fig. 4. Measured and modelled heat fluxes on outer side of reference and green roof 
From Fig. 4 it is evident that during the nighttime the heat flux of the green roof is lower and more constant than 
by the reference roof. The main reason is latent heat accumulation in moistened lightweight mineral wool growing 
media by water freezing. The temperature of the green roofs’ lightweight mineral wool grooving media Tgm remains 
almost constant and close to 0°C in all presented days (Fig. 5) while the reference roof cools down to -11°C to -16.5°C 
due to radiant cooling. When water in green roofs freezes completely (last two nights) the outer temperature of green 
roofs drops to no more than -5°C. 
Fig. 5. Measured and modelled temperatures on outer side of reference and green roof 
Validation of green roof as well as reference roof numerical model are also shown in Fig. 4 and Fig. 5 where 
calculated temperatures and heat fluxes are compared with measured values. The main reason for observed differences 
is in determined long-wave sky radiation which was calculated and not measured with a pyrgeometer. Validated green 
roof numerical model was used for numerical analyses of lightweight green roof thermal response in winter conditions. 
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4. Green roof winter performance analysis
To evaluate heat losses of lightweight extensive green roofs in winter period a heat flux on inner side qi is compared
for the green roof and the reference roof of the same composition and thermal transmittance. Standard reference year 
meteorological data for Ljubljana, Slovenia were used for the period from November to February. Analyses are 
performed for the case of lightweight roof construction with 15 cm of thermal insulation and U-value of 0.24 W/m²K. 
Lightweight extensive green roof considered in analyses has 4 cm thick lightweight mineral wool growing media and 
Sedum-mix vegetation layer. Maximum water content in green roof growing media is 37 l/m². In performed analysis 
maximum water content was adopted, which is close to the real winter time conditions which was found out during 
experimental monitoring in two winters. 
Fig. 6 shows ambient temperature and heat flux on the inner surface of reference and green roof in considered 
winter period. It can be seen that the amplitude of reference roof heat flux is much higher than by green roof, which is 
the consequence of lightweight construction, absorbed solar radiation and nighttime radiant cooling. Maximum 
negative daily heat flux (maximum heat losses) of reference roof is up to 3.5 W/m² higher than heat flux of green roof, 
which can influence a required rated heat output of the building heating system. 
Fig. 6. Heat flux of reference and green roof in winter period 
Fig. 7 shows heat fluxes for one selected week. It can be seen that heat flux of green roof is practically constant in 
the first days and independent on ambient temperature, solar radiation or long-wave radiation heat exchange, which is 
the consequence of latent heat accumulation in the lightweight mineral wool growing media (water freezing and 
melting). In the nighttime hours heat losses of the reference roof are considerably higher than heat losses of the green 
roof. During the daytime heat losses of green roof could be higher than heat losses of reference roof however these 
heat losses can be covered to a great extend with solar heat gains through the windows. 
Fig. 7. Heat flux of reference and green roof in selected week; nighttime hours are indicated with darker background 
Average monthly heat losses, expressed with average monthly heat flux qi,av, are presented in Fig.8a. It can be seen 
that heat losses of reference roof are higher in all months by 8 % to 14 %. Also maximum negative heat flux observed 
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in each month, which is shown by error bars, is 1.6 W/m² to 3.5 W/m² higher than by green roof. Fig. 8b shows the 
dependence of average daily heat flux on average daily ambient temperature. Average daily heat losses of reference 
roof practically linearly increases with a decrease of ambient temperature. For the green roof it can be seen that there 
are number of days in the winter season in which heat losses are almost the same and independent of ambient 
temperature. This is a consequence of latent heat accumulation in moistened lightweight mineral wool growing media. 
It is clearly evident that in the coldest winter days heat losses of green roof are smaller than of the reference roof. In 
coldest days for up to 40 %. 
a b
Fig. 8. Average monthly and daily heat fluxes of reference and green roof 
5. Conclusions
In the article green roof thermal response analyses are presented for the winter period with emphasize on thermal
response in case of water melting and solidification in moistened lightweight mineral wool growing media. 
Experimental results and numerical model validation for such freezing conditions period were shown as well as results 
of numerical calculations for the whole winter period. The results showed that in winter period heat losses of green 
roof are smaller than heat losses of the reference roof: within 24 hours in nighttime when building heat demand is the 
highest; on a daily level in the coldest days where observed difference was up to 40 %; and also on a monthly level 
where the green roof heat losses are lower for 8 % to 14 %. 
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